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============

The production of a vector boson in association with a hadronic jet is the simplest hadron-collider process that probes both the strong and electroweak interactions at Born level. It has been measured extensively at the Tevatron \[[@CR1]--[@CR4]\] and the LHC \[[@CR5]--[@CR16]\], covering a large range in transverse momentum and rapidity of the final-state particles. When compared to theory predictions, these measurements provide important tests of the dynamics of the Standard Model and help to constrain the momentum distributions of partons in the proton.

The study of the forward-rapidity region for this process is particularly important for our understanding of parton distribution functions (PDFs) at extremal values of Bjorken-*x*, due to the different kinematic regimes that are probed compared to the inclusive case. Owing to the extended rapidity coverage of the LHC experiments, data is now available for both highly boosted leptons and jets, giving direct access to these regions in phenomenological studies.

In order to make this connection more concrete, it is instructive to relate the event kinematics to the Bjorken-*x* values that are probed. For a given vector-boson-plus-jet event, one can directly infer the valid range in Bjorken-*x* values from the event kinematics at the hadronic centre-of-mass energy $\documentclass[12pt]{minimal}
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                \begin{document}$$y_{j1}$$\end{document}$ are the rapidities of the vector boson and the leading jet. The equality in the above relations holds at Born level.

In general, the smallest *x* value that can be probed simultaneously ($\documentclass[12pt]{minimal}
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                \begin{document}$$p_\mathrm {T} $$\end{document}$ admitted by the fiducial cuts. This constraint is particularly relevant in phase-space regions that are asymmetric in rapidity, which in turn probes more asymmetric values in $\documentclass[12pt]{minimal}
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                \begin{document}$$x_2$$\end{document}$ and gives rise to a more complex interplay between the kinematics and the event selection cuts.

Precision QCD predictions for the production of a vector boson in association with a jet have advanced considerably in recent years with the completion of fixed-order next-to-next-to-leading (NNLO) QCD calculations \[[@CR17]--[@CR26]\], which are now being matched to resummation results \[[@CR27], [@CR28]\] to extend their validity across a wider kinematic range. These are complemented by NLO electroweak corrections \[[@CR29]--[@CR31]\], which are particularly relevant at large transverse momenta. There is a strong experimental motivation for precise predictions for these processes due to the high statistics and clean decay channels observed at the LHC, and their relevance to determinations of Standard Model parameters and as backgrounds for new physics searches \[[@CR32]\]. Fitting procedures for PDFs also benefit greatly from improved predictions, due to the increased sensitivity to the gluon and quark content of the proton \[[@CR33], [@CR34]\]. Owing to the large gluon luminosity at the LHC, the dominant initial state for vector-boson-plus-jet production is quark--gluon scattering, with different quark flavour combinations probed by the different bosons.

In this paper, we perform a comparison between NNLO QCD predictions for vector-boson-plus-jet (VJ) production and measurements by the LHCb \[[@CR16]\] and ATLAS \[[@CR8]\] experiments. These measurements are highly complementary, allowing one to probe a much larger kinematic region than if either of them were taken alone due to the different rapidity coverages of the two detectors. The region of the (*x*, $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {ZJ}$$\end{document}$ production is shown in Fig. [1](#Fig1){ref-type="fig"}, where one can see that LHCb covers two distinct sectors corresponding to the *x* values of the two beams. The corresponding plot for the ($\documentclass[12pt]{minimal}
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                \begin{document}$$x_2$$\end{document}$) coverage of the ATLAS fiducial region. The kinematic constraints on the LHCb region are relaxed beyond LO as the presence of radiation permits larger $\documentclass[12pt]{minimal}
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                \begin{document}$$x_2$$\end{document}$ values, unlike on the ATLAS region where LO kinematics already fully cover the kinematic region accessible at higher orders. The LO kinematics dominates in the contribution to the total cross section however, and gives a good indication of where the sensitivities of the two experiments lie.

The theoretical predictions are obtained using the NNLO[jet]{.smallcaps} framework \[[@CR18], [@CR26]\], which implements the relevant NNLO VJ matrix elements \[[@CR35]--[@CR42]\] and uses the antenna subtraction method \[[@CR43]--[@CR45]\] to extract and combine infrared singularities from partonic subprocesses with different multiplicity.Fig. 1The regions of the (*x*, $\documentclass[12pt]{minimal}
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                \begin{document}$$Q^2$$\end{document}$ is the invariant mass of the full final state including both charged leptons and QCD radiation and *x* is the Bjorken-x from either of the incoming beams Fig. 2The regions of the ($\documentclass[12pt]{minimal}
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Throughout this work, the theoretical predictions employ a diagonal CKM matrix. The electroweak parameters are set according to the $\documentclass[12pt]{minimal}
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LHCb 8 TeV boosted cuts {#Sec2}
=======================

At the proton--proton centre-of-mass energy of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mathrm {Z}$$\end{document}$-boson production in association with a jet with the vector bosons decaying in the muon channel \[[@CR16]\]. The acceptance in the forward region of the LHCb experiment allows it to reliably probe PDFs at both much higher and lower momentum fractions *x* than the general-purpose detectors at the LHC. This sensitivity arises from kinematic configurations that are asymmetric in $\documentclass[12pt]{minimal}
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The fiducial cuts applied to the charged leptons and the jets, which we label as the LHCb cuts for both $\documentclass[12pt]{minimal}
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The advantage of considering the charge asymmetry for events where a jet is produced in association with the $\documentclass[12pt]{minimal}
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The second factor is due to the left-handedness of the couplings in the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm {W^\pm }} $$\end{document}$ production and decay process, which results in opposite preferential directions of the positive and negative decay leptons relative to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm {W^\pm }} $$\end{document}$ spin. As a consequence, for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm {W^+}} $$\end{document}$ case, the lepton is preferentially produced at lower $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta $$\end{document}$ than the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm {W^+}} $$\end{document}$, whereas for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm {W^-}} $$\end{document}$ case, the lepton is preferentially produced at higher relative $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta $$\end{document}$. This effect causes the asymmetry to decrease with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta _\ell $$\end{document}$, and dominates over the quark PDF effects at higher *x*, as can be seen in Fig. [12](#Fig12){ref-type="fig"}.

We find that the NNLO predictions for the asymmetry describe the data reasonably well, but in general show a less steep slope with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta _\ell $$\end{document}$ than the data. This may be indicative of a PDF overestimate in the *u* / *d* ratio for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$x\gtrsim 0.1$$\end{document}$ which would lead to the observed overprediction of the charge asymmetry in this region. It is noted that the large *u* / *d* ratio is in particular inferred \[[@CR33], [@CR49]\] from the Tevatron D0 lepton charge asymmetry data \[[@CR48]\]. It will thus be crucial to combine these data with the LHCb results \[[@CR16]\] in a global fit to determine whether they are mutually consistent.
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                \begin{document}$${\mathrm {W^\pm }} $$\end{document}$ asymmetry in WJ final states on the PDF parametrizations is illustrated in Fig. [13](#Fig13){ref-type="fig"}, which shows this asymmetry at NNLO for NNPDF3.1 \[[@CR33]\], MMHT14 \[[@CR51]\] and CT14 \[[@CR49]\] parton distributions. The NNPDF3.1 prediction is obtained from a full NNLO calculation of the individual cross sections entering into the ratio, which are also used to extract NNLO K-factors. Predictions for the other two PDF parametrizations are computed at NLO at cross section level, and then rescaled by these K-factors, before computing the ratio. The large spread of the predictions (noting also the different scale in the ratio compared to Fig. [12](#Fig12){ref-type="fig"}) in the last bin reflects the different modelling of the quark distributions at large *x* in the three parametrizations, and demonstrates the discriminating power of the LHCb asymmetry measurement.

ATLAS 7 TeV standard cuts {#Sec5}
=========================

The second set of experimental data we consider is the $\documentclass[12pt]{minimal}
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The ATLAS detector has a large rapidity range, capable of measuring pseudorapidities of up to $\documentclass[12pt]{minimal}
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The fiducial cuts used in the ATLAS analyses are as follows:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} {p_\mathrm {T}} ^{\text {j}}&> 30~\mathrm {GeV} ,&|y^{\text {j}}|&< 4.4 , \nonumber \\ {p_\mathrm {T}} ^{\ell }&> 25~\mathrm {GeV} ,&|y^{\ell }|&< 2.5 , \nonumber \\ \Delta R_{\ell ,\text {j}}&> 0.5 . \end{aligned}$$\end{document}$$For $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\mathrm {W^\pm J}} $$\end{document}$ production, the restrictions $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\mathrm {T}}^\text {miss} >25~\mathrm {GeV} $$\end{document}$, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$m_{\mathrm {T}}^{\mathrm {W}} >40~\mathrm {GeV} $$\end{document}$ on the missing transverse energy and transverse mass of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {W}$$\end{document}$ boson are imposed. For $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {ZJ}$$\end{document}$ production the requirements $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$66~\mathrm {GeV}< m_\mathrm {T} ^{\ell \ell } < 116~\mathrm {GeV} $$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\Delta R_{\ell \ell } > 0.2$$\end{document}$ are applied to the transverse mass of the dilepton system and angular separation of the leptons. In the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {ZJ}$$\end{document}$ distributions, we relax the lepton $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {T} $$\end{document}$ cut from 25 to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$20~\mathrm {GeV} $$\end{document}$ in order to compare directly with the results of \[[@CR7]\]. However we keep the lepton $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {T} $$\end{document}$ cut at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$25~\mathrm {GeV} $$\end{document}$ when constructing ratios of WJ and ZJ distributions.

Jets are reconstructed using the anti-$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k_\mathrm {T} $$\end{document}$ algorithm \[[@CR46]\] with radius parameter $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$R=0.4$$\end{document}$, and we choose the central scale of the theory predictions as$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} \mu _\mathrm {F} = \mu _\mathrm {R} = \frac{1}{2}H_{\mathrm {T}} = \frac{1}{2}\sum _{i \,\in \, \mathrm {jets,\,\ell ,\,\nu }}{p_\mathrm {T}} ^i \equiv \mu _{0} , \end{aligned}$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$H_\mathrm {T} $$\end{document}$ is the scalar sum of the transverse momenta of all final state jets and leptons/neutrinos as appropriate. We denote the number of jets as *N*, such that in the selection criteria $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N=1$$\end{document}$ corresponds to the exclusive case and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N\ge 1$$\end{document}$ corresponds to the inclusive case.

The scale variation uncertainties for the ratios are obtained in a similar manner as for LHCb $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {W^\pm }$$\end{document}$ asymmetries, with fully correlated scales between the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {W^+}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {W^-}$$\end{document}$ processes in the numerator, but taking the envelope of the scales when taking the ratio to the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {Z}$$\end{document}$ distributions, imposing $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\frac{1}{2}\le \mu /\mu '\le 2$$\end{document}$ between all pairs of scales.

Exclusive $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {T} ^{j1}$$\end{document}$ distributions {#Sec6}
------------------------------------------------------------------------------------

First we consider the exclusive $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(N=1)$$\end{document}$ $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {T} $$\end{document}$  distribution of the leading jet for $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {WJ}$$\end{document}$  production using the data from \[[@CR5]\] as shown in Fig. [14](#Fig14){ref-type="fig"}. Here we observe agreement of the theory with data within errors up to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${p_\mathrm {T} ^{j1}} \sim 80~\mathrm {GeV} $$\end{document}$, beyond which the theoretical predictions are systematically below the data. This behaviour is closely replicated in Fig. [15](#Fig15){ref-type="fig"}, which shows the equivalent $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {ZJ}$$\end{document}$  distribution. However beyond $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${p_\mathrm {T} ^{j1}} \sim 80~\mathrm {GeV} $$\end{document}$, the agreement with data is noticeably worse than for the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {WJ}$$\end{document}$  distribution. While we neglect electroweak corrections which have a well-known impact on the weak boson $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {T} $$\end{document}$  distributions \[[@CR29]--[@CR31]\] from large Sudakov logarithms, these generally give considerable reductive K-factors at large $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {T} ^j$$\end{document}$ and so would further worsen the agreement with data in both cases (see e.g. \[[@CR31]\]). For these exclusive distributions, it is instructive to note that $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {T} ^{j1}$$\end{document}$ is equivalent to the transverse momentum of the vector boson due to the absence of extra jet radiation.Fig. 14$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {WJ}$$\end{document}$ cross section differential in the transverse momentum $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {T} $$\end{document}$ of the leading jet for events with exactly one associated jet $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(N=1)$$\end{document}$ in the ATLAS fiducial region from Eq. [8](#Equ8){ref-type=""}. Predictions at LO (green), NLO (orange), and NNLO (red) are compared to ATLAS data from Ref. \[[@CR5]\], and the ratio to NLO is shown in the lower panel. The bands correspond to scale uncertainties estimated as described in the main text Fig. 15$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {ZJ}$$\end{document}$ cross section differential in the transverse momentum $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {T} $$\end{document}$ of the leading jet for events with exactly one associated jet $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(N=1)$$\end{document}$. Predictions at LO (green), NLO (orange), and NNLO (red) are compared to ATLAS data from Ref. \[[@CR7]\], and the ratio to NLO is shown in the lower panel. The bands correspond to scale uncertainties estimated as described in the main text Fig. 16$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {WJ}$$\end{document}$ cross section differential in the transverse momentum $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {T} $$\end{document}$ of the leading jet for events with one or more associated jets $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(N\ge 1)$$\end{document}$. See Fig. [14](#Fig14){ref-type="fig"} for details Fig. 17$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mathrm {ZJ}$$\end{document}$ cross section differential in the transverse momentum $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {T} $$\end{document}$ of the leading jet for events with one or more associated jets $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$(N\ge 1)$$\end{document}$. See Fig. [15](#Fig15){ref-type="fig"} for details

Inclusive $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_\mathrm {T} ^{j1}$$\end{document}$ distributions {#Sec7}
------------------------------------------------------------------------------------
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Allowing extra QCD radiation, as in the inclusive case, entails also allowing for dijet-type configurations where two hard jets are produced alongside a relatively soft vector boson. In the full NNLO calculation, these $\documentclass[12pt]{minimal}
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Exclusive/inclusive ratios {#Sec8}
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In order to better understand the description of real emission by the fixed order predictions, one can construct the ratio between the exclusive and inclusive leading jet distributions for both the $\documentclass[12pt]{minimal}
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When taking the ratio, the impact of the extra jet activity is strongly suppressed, while the PDF sensitivity is enhanced. As mentioned in the case of the individual distributions, the $\documentclass[12pt]{minimal}
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Inclusive leading jet rapidity distributions {#Sec10}
--------------------------------------------

The leading jet rapidity distribution $\documentclass[12pt]{minimal}
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                \begin{document}$$|y_{j1}|$$\end{document}$ of the leading jet is shown in Fig. [24](#Fig24){ref-type="fig"}. Due to the cross-cancellation in the ratios, we see that these predictions display a considerably better perturbative stability than the individual distributions at high rapidities. We observe excellent agreement with the ATLAS data across the entire rapidity range. In the ratio, the PDF dependence of the predictions is in general lowered, particularly for gluonic contributions due to their similarity between the $\documentclass[12pt]{minimal}
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Conclusions {#Sec11}
===========

The recent calculations \[[@CR17]--[@CR26]\] of NNLO QCD corrections to all observables related to the production of a massive vector boson in association with a jet open up a new level of precision in the phenomenological interpretation of these observables. In this context, final states at forward rapidity are particularly interesting, since they correspond to initial states with very asymmetric momentum fractions of the incoming partons, thereby probing the parton distributions in regions where they are insufficiently constrained by other data sets.

In this paper, we performed an in-depth comparison of forward vector-boson-plus-jet data from LHCb \[[@CR16]\] and ATLAS \[[@CR8]\] with precise NNLO QCD predictions, obtained using the NNLO[jet]{.smallcaps} code \[[@CR22], [@CR23], [@CR26]\]. Inclusion of NNLO QCD corrections leads to a substantial reduction of the theory uncertainty on the predictions, thereby matching the accuracy of the LHC precision data. Deviations between data and theory are observed in various distributions, which are further investigated by constructing ratios between different vector bosons, and between inclusive and exclusive vector-boson-plus-jet cross sections. The pattern of vector boson ratios and related asymmetries points to an overestimate of the PDF parametrisation in the gluon distribution for Bjorken-$\documentclass[12pt]{minimal}
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Our results highlight the unique sensitivity of forward vector-boson-plus-jet production to the PDF content of the proton. We expect that the results presented here will enable improved determinations of the gluon distribution and of the quark flavour decomposition at large Bjorken-$\documentclass[12pt]{minimal}
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                \begin{document}$$x\gtrsim 0.1$$\end{document}$, thereby enhancing the accuracy of theory predictions for signal and background processes at the highest invariant masses.
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